Abstract The recombinant HIV-1 CRF02_AG is prevalent in West-Central Africa but its effects on the blood-brain barrier (BBB) and HIV-associated neurocognitive disorders (HAND) are not known. We analyzed the effects of Tat from HIV-1 subtype-B (Tat.B) and CRF02_AG (Tat.AG) on primary human brain microvascular endothelial cells (HBMEC), the major BBB component. Exposure of HBMEC to Tat.B increased IL-6 expression and transcription by 9-(P < 0.001) and 113-fold (P < 0.001), respectively, whereas Tat.AG increased IL-6 expression and transcription by 2.7-3.8-fold and 35.7-fold (P < 0.001), respectively. Tat.B induced IL-6 through the interleukin-1 receptor-associated kinase (IRAK)-1/4/mitogen-activated protein kinase kinase(MKK)/C-jun N-terminal kinase(JNK) pathways, in an activator protein-1(AP1)-and nuclear factor-kappaB (NFκB)-independent manner, whereas Tat.AG effects occurred via MKK/JNK/AP1/NFκB pathways. Tat-induced effects were associated with activation of c-jun (serine-63) and SAPK/JNK (Thr183/Tyr185). We demonstrated increased expression of transcription factors associated with these pathways (Jun, RELB, CEBPA), with higher levels in Tat.B-treated cells compared to Tat.AG. Functional studies showed that Tat.B and Tat.AG decreased the expression of tight junction proteins claudin-5 and ZO-1 and decreased the trans-endothelial electric resistance (TEER); Tat.B induced greater reduction in TEER, claudin-5, and ZO-1, compared to Tat.AG. Overall, our data showed increased inflammation and BBB dysfunction with Tat.B, compared to Tat.AG. This suggests these two HIV-1 subtypes differentially affect the BBB and central nervous system; our data provides novel insights into the molecular basis of these differential Tat-mediated effects.
Introduction
The human immunodeficiency virus (HIV) infection of the central nervous system (CNS) commonly results in behavioral, motor, and cognitive impairments termed HIV-1-associated neurocognitive disorders (HAND) [1] . This CNS infection occurs as a result of the blood-brain barrier (BBB) breakdown, which enables HIV-1 and infected mononuclear phagocytes to enter the brain and spread infection to resident brain cells [2, 3] . This BBB breakdown can be caused by HIV and secreted viral factors such as HIV proteins. In fact, there is in vitro and in vivo evidence that HIV-1 virions and secreted viral proteins alter the BBB integrity and function and increase monocytes entry into the CNS [3] . One such viral protein is the HIV-1 transactivator of transcription (Tat). Tat is essential for viral replication and immune response [4, 5] ; it is expressed early in the viral life cycle, is released by HIV-infected cells, and can be detected in the serum of infected patients [6] . Tat can cross the BBB [7] and is present in the CNS of HIV-infected humans [8] . However, most of these studies showing the effects of Tat on the BBB and CNS were performed using Tat proteins from HIV-1 subtype-B, the predominant clade circulating in the USA and Europe; whereas, over two thirds of the 37 million people living with HIV/AIDS are in sub-Saharan Africa and are infected with non-B HIV subtypes, including the circulating recombinant form (CRF) 02_AG [9] .
HIV-1 accounts for over 95% of all infections [9, 10] and includes four groups: M (major), O (outlier), N (non-M non-O), and P [11, 12] . HIV-1 group M accounts for the vast majority of infection globally and includes 9 pure subtypes (A-D, F-H, J and K), sub-subtypes (A1 and A2, F1 and F2), about 70 CRFs, and several unique (unclassified) recombinant forms (URFs) [11, 13] . HIV-1 CRF02_AG is a recombinant of subtypes A and G, circulating in West and Central Africa, with 52 to 84% of HIV-infected humans in that region infected with HIV-1 CRF02_AG [14, 15] . This central and west African region includes 26 countries with over 456 million of inhabitants [16] . The effects of this recombinant virus on the BBB and HAND are not known. In the current study, we show differential inflammation with Tat from HIV-1 subtype B (Tat.B) and Tat from HIV-1 CRF02_AG (Tat.AG) on primary human brain microvascular endothelial cells (HBMEC), the major component of the BBB. We show significantly increased transcription, expression, and secretion of the proinflammatory cytokine interleukin (IL)-6 by primary HBMEC exposed to Tat.B, compared to cells exposed to Tat.AG. We demonstrate that Tat.B induced BBB inflammation through the IRAK1/4,MKK/JNK pathways, in an AP1-and nuclear factor kappa-B (NFκB)-independent manner, whereas Tat.AG-induced inflammation occurred via the MKK/JNK/ AP1/NFκB pathways. We further demonstrated increased expression of transcription factors associated with these pathways (Jun, RELB, CEBPA), with higher levels in cells exposed to Tat.B compared to Tat.AG. Functional studies showed that both Tat.B and Tat.AG decreased the expression of endothelial tight junction proteins claudin-5 and ZO-1 and decreased brain transendothelial electric resistance (TEER), but greater reduction in TEER, claudin-5, and ZO-1 levels was observed with Tat.B compared to Tat.AG. Compared to Tat.AG, Tat.B significantly increased monocyte adhesion and migration through in vitro BBB models.
Materials and Methods

Brain Endothelial Cell Culture
Primary HBMEC were isolated from brain tissue obtained during surgical removal of epileptogenic cerebral cortex in adult patients, under an Institutional Review Board-approved protocol at the University of Arizona as described previously [17] . Routine evaluation by immunostaining for vonWillebrand factor, Ulex europaeus lectin and CD31 showed that cells were >99% pure. Freshly isolated cells were cultured in collagen-coated flasks or six-well culture plates using Dulbecco's modified Eagle medium (DMEM)/F12 (Life Technologies, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS, Atlanta Biologicals, Flowery Branch, GA, USA), supplemented with 10 mmol/l L-glutamine (Life Technologies), 1% heparin (Thermo Fisher Scientific, Pittsburgh, PA, USA), 1% endothelial cell growth supplement (ECGS; BD Bioscience, San Jose, CA, USA), 1% penicillinstreptomycin (Life Technologies), and 1% fungizone (MP Biomedicals, Solon, OH, USA). Cells at passages 2 to 4 were used in this study.
Recombinant HIV Tat.AG and Tat.B Recombinant Tat proteins from a subtype-B HIV-1 isolate (Tat.B) (amino acids 1 to 86; accession number P69697) were purchased from Diatheva (Viale Piceno, Fano, Italy). Recombinant Tat proteins from HIV-1 CRF02_AG (Tat.AG) (amino acids 1 to 86; accession number AY371128) were made by Diatheva under a custom-order agreement with our laboratory, using similar procedures as for Tat.B. For controls, HIV Tat proteins were heat inactivated at 100°C for 30 min, cooled down, and centrifuged at 1000 rpm for 5 min to recover all of the solution. Protein aliquots were stored at −80°C.
Interleukin-6 ELISA
Interleukin (IL)-6 expression and secretion was quantified using the BD OptEIA Human IL-6 ELISA kit II (BD Biosciences, CA, USA) according to manufacturer's protocol. Briefly, confluent HBMEC were treated with Tat.AG or Tat.B at 100 or 1000 ng/mL and/or pharmacological inhibitors (Table 1) for 48 h. Controls consisted of untreated cells and cells treated with similar concentrations of heat-inactivated Tat proteins (HI-Tat.B and HI-Tat.AG). Following cell treatment, culture supernatants were collected and further centrifuged for 5 min at 2350×g to remove any cellular debris and 100 μl of each sample used for IL-6 ELISA according to manufacturer's instructions. For each experiment, the IL-6 standards provided with the kit were used to generate standard curve and determine IL-6 concentrations in each sample. Each experimental condition was tested in triplicate.
RNA Extraction and Real-Time PCR
Confluent HBMEC in six-well plates were treated for 48 h with 100 ng/ml Tat.AG or Tat.B. Controls consisted of untreated cells, and cells treated with similar concentrations of heat-inactivated Tat proteins. Following Tat treatment, cells were harvested and total RNA was extracted using the Trizol reagent (Life Technologies-Ambion, Austin, TX) according to the manufacturer's protocol. RNA was further cleaned using Total RNA cleanup kit (Qiagen, Valencia, CA). RNA yield and quality were checked using a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE) and for all samples, absorbance ratio of 260/280 was ≥2. For each sample, cDNA was generated from 1 μg RNA, using the Verso cDNA kit (Thermo Fisher, Waltham, MA USA), according to the manufacturer's instructions. Reverse transcription was carried out for 30 min at 42°C. The cDNA obtained was used for quantitative real-time PCR using Roche RealTime PCR Systems (Roche diagnostics, Indianapolis, IN, USA). Gene quantification was performed using the Ct method as described in the software user manual. All PCR primers and probes were obtained from Applied Biosystems (Grand Island, NY, USA); and primer IDs were as follows: CEBGA (Hs00269972_s1), CEBPG (Hs01922818_s1), Jun (Hs99999141_s1), RELB (Hs00232399_m1), and IL-6 (Hs00985639). For endogenous control, each gene expression was normalized to the sample GAPDH (Hs99999905_m1).
Protein Extraction and Western Blot Analyses
Protein extraction, quantification, and western blot analyses were performed as previously described [18, 19] . Briefly, for the analysis of JNK and c-Jun phosphorylation, HBMEC were treated with Tat.AG and Tat.B at 100 ng/ml for various time points (0, 7.5, 15, 30, 60, and 120 min). For tight junction protein analysis, HBMEC were treated with Tat.AG and Tat.B at 100 ng/ml for 48 h. Untreated cells or cells treated with HI-Tat.AG and HI-Tat.B served as controls. Cells were lysed using the mammalian cell lysis buffer CelLytic M (Sigma, St Louis, MO, USA) and protein quantified using the bicinchoninic acid assay as we previously described [18, 19] . Each protein sample (35 μg) was fractionated in a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes. Membranes were blocked for 1 h with SuperBlock T-20 (Pierce, Rockford, IL, USA) and blotted for 2 h or overnight with monoclonal antibodies to JNK, phopho-JNK, c-Jun, phospho-c-Jun (Cell Signaling Technology, Danvers, MA, USA), claudin-5, or ZO-1 (Abcam, Cambridge, MA, USA), at 1:1000 dilution. Membranes were then washed, blotted for 1 h with horseradish peroxidase-conjugated secondary antibody, washed again, and visualized using the enhanced chemiluminescence (Pierce, Rockford, IL, USA) and gel doc system (Syngene, Frederick, MD, USA). After each western blot experiment, the membranes were stripped using the Restore Western Blot Stripping Buffer (Pierce, Rockford, IL, USA) and re-blotted with β-actin antibody (Abcam, Cambridge, MA) to confirm equal loading.
Transendothelial Electrical Resistance
Electrical resistance across the endothelial cell monolayer was measured using the Electric Cell-substrate Impedance Sensing (ECIS) instrument (Applied Biophysics, Troy, NY, USA) and the ECIS V1.2.215.msi software (Applied Biophysics), according to the manufacturer's instructions. The BBB model was constructed by seeding 2 × 10 4 HBMEC in ECIS-8W10E + PET array chambers containing gold film electrodes delineated with an insulating film (Applied Biophysics). The ECIS electrode array containing cells were placed in an array holder located in the CO 2 incubator. Cells were cultured for 7 to 10 days to enable confluence, and before TEER measurements, electrodes were calibrated and stabilized according to the manufacturer's recommendations. Confluent cells were treated with Tat.AG or Tat.B (100 or 1000 ng/ml), and TEER recorded for up to 72 h. The ohmic resistance of a blank (culture insert without cells) was measured in parallel and was subtracted from the TEER readings obtained from inserts with confluent endothelial cell monolayers. The resulting TEER 
Monocyte Isolation and Labeling
Human monocytes were obtained from HIV-1, HIV-2, and hepatitis-B seronegative donor leukopaks and separated by countercurrent centrifugal elutriation as previously described [18, 20] . Cells were identified as >98% pure monocytes by Wright staining and CD68 immunostaining (at 1:50 dilution, Dako, Carpentaria, CA). Monocytes were used for adhesion and transendothelial migration assays within 24 h of elutriation. Freshly elutriated monocytes were washed twice with pre-warmed (37°C) PBS, re-suspended in pre-warmed PBS containing 5 μM of 5-carboxyfluorescein diacetate, succinimidyl ester (CFDA-SE) (Life Technologies); 1 × 10 6 cells/ml, and incubated at 37°C, 5% CO 2 , for 15 min. Monocytes were then pelleted by centrifugation at 300×g for 10 min, resuspended in pre-warmed media and incubated at 37°C, 5% CO 2 , for 30 min. CFDA-SE-labeled monocytes were washed three times with pre-warmed serum-free media before use for adhesion and migration assays.
Monocyte Adhesion and Migration through In Vitro BBB Models
Adhesion and migration experiments were performed as we previously described [18, 20] . Briefly, for adhesion assays, HBMEC were plated on 96-well collagen-coated black plates, and for migration assay, HBMEC were plated on collagencoated FluoroBlok-tinted tissue culture inserts (3-μm pore size; BD Biosciences). Endothelial cells were cultured to confluence and were treated with Tat.AG or Tat.B proteins (100 or 1000 ng/ml) for 48 h. Controls consisted of untreated cells and cells treated with similar concentrations of heat-inactivated proteins for 48 h. For adhesion assays, following Tat treatment, HBMEC were rinsed to remove all Tat proteins, exposed to 2.5 × 10 5 CFDA-SE-labeled monocytes, and incubated at 37°C, 5% CO 2 , for 15 min. After the 15-min adhesion, HBMEC were washed three times with PBS, and the number of adherent monocytes quantified by spectrophotometry (top readings, absorbance 494 nm; emission, 517 nm), with a standard curve derived from a serial dilution of a known number of CFDA-SE-labeled monocytes. For migration assays, following Tat treatment, 2.5 × 10 5 CFDA-SE-labeled monocytes were added to the upper chamber of the FluoroBlok inserts and allowed to migrate for 2 h (37°C, 5% CO2). The numbers of migrated monocytes were quantified by spectrophotometry (bottom readings, absorbance 494 nm; emission, 517 nm), with a standard curve derived from a serial dilution of a known number of CFDA SElabeled monocytes.
Statistical Analyses
Data were analyzed by t test (two-tailed) for two-group comparisons and one-or two-way ANOVA followed by Tukey's multiple-comparisons tests using GraphPad Prism 5.0b (GraphPad Software, La Jolla, CA). Threshold of significance level was 0.05. Data are presented as means ± standard error of the mean.
Results
Increased IL-6 Expression and Secretion in HBMEC Exposed to Tat.B, Compared to Cells Exposed to Tat.AG To determine the effect of Tat proteins derived from HIV-1 subtypes B and CRF02_AG on BBB inflammation, we tested the effects of these two Tat proteins on IL-6 expression in HBMEC. Both Tat.AG and Tat.B (100 or 1000 ng/ml) induced IL-6 expression and secretion in primary HBMEC but much larger increase was observed with Tat.B compared to Tat.AG (Fig. 1a) . Compared to untreated controls and HBMEC treated with heat-inactivated Tat proteins, Tat.AG increased IL-6 levels in HBMEC by 2.7-to 3.8-fold, whereas Tat.B increased IL-6 expression in HBMEC by over 9-fold ( Fig. 1a , P < 0.001). Overall, IL-6 expression in Tat.B-treated HBMEC was 2.37-to 3.37-times higher than the levels in Tat.AG-treated cells (Fig. 1a, P <0.001) . No increase in IL-6 was observed in HBMEC treated with heat-inactivated Tat proteins (HI-Tat.AG and HI-Tat.B), with IL-6 levels comparable to levels in untreated controls (Fig. 1a) . Additional dosedependent experiments showed that at similar doses, Tat.B induced higher IL-6 expression and secretion in primary HBMEC than Tat.AG (Appendix).
Tat.AG and Tat.B Induced Transcriptional Upregulation of IL-6 and Transcription Factors Associated with NFκB and JNK Pathways in HBMEC
To determine whether differential Tat-induced IL-6 expression correlated with IL-6 transcription, we used real-time PCR to quantify IL-6 mRNA in HBMEC exposed to Tat.B and Tat.AG. Both Tat.B and Tat.AG significantly increased IL-6 mRNA in HBMEC ( Fig. 1b ; P < 0.001), but the levels of IL-6 mRNA in Tat.B-treated cells were over three times higher than the levels in Tat.AG-treated cells (Fig. 1b, P < 0.001) . The IL-6 promoter contains several cis-acting response elements that regulate its transcription and expression. These included the activator protein-1 (AP-1), NFκB, and the cAMP response element binding protein (CREB/CEBP). Therefore, we analyzed the effects of Tat.B and Tat.AG on the expression of these transcription factors. Compared to untreated controls or cells treated with heat-inactivated Tat proteins, exposure of HBMEC to Tat.B and Tat.AG increased JUN transcription by 3.47- (Fig. 1c , P < 0.001) and 2-fold ( Fig. 1c, P < 0.01) , respectively, and JUN mRNA levels in Tat.B-treated cells were significantly higher than the levels in Tat.AG-treated cells (Fig. 1c , P < 0.01). Compared to untreated controls or cells treated with heat-inactivated Tat proteins, exposure of HBMEC to Tat.B and Tat.AG increased RELB transcription by 2.93- (Fig. 1d , P < 0.001) and 1.78-fold (Fig. 1d, P < 0.05) , respectively, and RELB mRNA levels in Tat.B-treated cells were significantly higher than the levels in Tat.AG-treated cells (Fig. 1d , P < 0.01). Compared to untreated controls or cells treated with heat-inactivated Tat proteins, exposure of HBMEC to Tat.B and Tat.AG increased CEBP/A by 2.7- (Fig. 1e , P < 0.001) and 2.2-fold ( Fig. 1e , P < 0.001) respectively, and CEBP/A mRNA levels in Tat.B-treated cells were significantly higher than the levels in Tat.AG-treated cells (Fig. 1e, P < 0.01) . Similarly, Tat.B and Tat.AG increased CEPB/G in HBMEC by 3.2-fold, compared to untreated controls or cells treated with heat-inactivated Tat proteins (Fig. 1f , P < 0.001).
Tat.AG and Tat.B Phosphorylate c-Jun and JNK in HBMEC
Because Tat induced upregulation of transcription factors associated with the JNK pathways (Fig. 1) , we analyzed the effects of Tat.B and Tat.AG on c-Jun and JNK activation. Exposure of HBMEC to both Tat.AG (Fig. 2a) and Tat.B (Fig. 2b) induced the phosphorylation of c-Jun at serine-63 (Ser63). Tat.AG-and Tat.B-induced c-Jun phosphorylation occurred as early as 5 and 15 min, respectively, and continued for up to 2 h, with maximal phosphorylation observed at 1 and 2 h (Fig. 2) . Both Tat.AG (Fig. 2a) and Tat.B (Fig. 2b) induced the phosphorylation of SAPK/JNK at Thr183/Tyr185. Tat.AG-induced SAPK/JNK phosphorylation occurred as early as 5 min following Tat exposure, with maximal phosphorylation at 15 and 30 min and gradual decrease in phosphorylation thereafter (Fig. 2a) . Tat.B-induced SAPK/JNK phosphorylation started at 15 min, with maximal phosphorylation observed at 1 h (Fig. 2b ).
JNK and NFκB Pathways Mediate Tat.Band Tat.AG-Induced IL-6 Expression
To determine whether blocking the pathways associated with transcription factors upregulated by Tat (Fig. 1) can alter Tat- Fig. 1 Increased expression and transcription of IL-6 and transcription factors associated with NFκB and JNK pathways in HBMEC exposed to Tat.B, compared to cells exposed to Tat.AG. Exposure of primary HBMEC to Tat proteins (100 or 1000 ng/ml) increased IL-6 levels, and higher IL-6 expression (a) and transcription (b) were observed in Tat.Btreated cells, compared to cells exposed to Tat.AG. Quantitative real-time PCR also showed higher transcriptional upregulation of RELB (c), JUN (d), and CEBPA (e), in Tat.B-treated cells, compared to cells exposed to Tat.AG. CEBPG mRNA levels were similar in cells exposed to Tat.B or Tat.AG (f). No increased expression or transcription of IL-6, RELB, JUN, CEBP/A, or CEBP/G was observed in cells exposed to 100 ng/ml heatinactivated Tat.B (HI-Tat.B) or Tat.AG (HI-Tat.AG). *P < 0.05; **P < 0.01; ***P < 0.001, compared to cells treated with heatinactivated proteins and untreated controls. For all experiments, each experimental condition was performed in triplicate. The figure shows representative data from two to three independent experiments induced IL-6 expression, we quantified IL-6 expression and secretion in HBMEC exposed to Tat.B or Tat.AG, in the presence or absence of specific inhibitors of effectors associated with those transcription factors. The ATP-competitive JNK inhibitor (420129), the IRAK1/4 inhibitor, and the MEKK7/ MKK7 inhibitor (5ZO) significantly diminished Tat.AG-induced IL-6 expression (Fig. 3a) and totally blocked Tat.Binduced IL-6 expression and secretion (Fig. 3b) . The JNK inhibitor 420119, the inhibitor of c-Jun/JNK complex (420130), the inhibitor of AP-1 transcription (SR11302), and the inhibitor of NFκB transcriptional activation (481406), partially blocked Tat.AG-induced IL-6 expression (Fig. 3c) , but had no effect on Tat.B-induced IL-6 expression and secretion (Fig. 3d) .
Effects of Tat.AG and Tat.B on the Endothelial Barrier Properties
We performed experiments to determine whether Tat.AG and Tat.B alter the endothelial barrier property. For this purpose, we assessed the effects of Tat.B and Tat.AG on the brain TEER. Exposure of HBMEC to both Tat proteins decreased TEER, compared to TEER values of confluent cells before Tat treatment (Fig. 4a) . No major effect was observed within 5 h of Tat treatment (Fig. 4b) , but TEER gradually decreased thereafter and Tat.B induced larger decreases in TEER, compared to Tat.AG. At 24 h, 100 ng/ml Tat.AG did not affect TEER, whereas similar concentrations of Tat.B decreased the TEER by 54.5% (Fig. 4a, c , P < 0.001). At 24 h, 1000 ng/ml Tat.AG decreased TEER by 32% whereas similar concentrations of Tat.B decreased the TEER by 59% (Fig. 4a, c , P < 0.001). At 48 h, 100 ng/ml Tat.AG decreased the TEER by 41%, whereas similar concentrations of Tat.B decreased the TEER by 59.5%; 1000 ng/ml Tat.AG decreased the TEER by 53%, whereas similar concentrations of Tat.B decreased the TEER by 63.5% (Fig. 4a, d , P < 0.001). Longer exposure to Tat further decreased TEER; at 72 h Tat.AG and Tat.B decreased the TEER by 63 to 64% and by 66 to 69%, respectively (Fig. 4a. e) . No decrease in TEER was observed in cells treated with similar concentrations (100 ng/ml) of heat-inactivated Tat proteins (Fig. 4) . Positive controls consisted of cells exposed to 0.1% saponin (Fig. 4) .
Effects of Tat.AG and Tat.B on the BBB Integrity and Function
To determine the effects of Tat.B and Tat.AG on the BBB integrity, we analyzed the effects of both Tat proteins on the expression of tight junction proteins claudin-5 and ZO-1 in HBMEC. Both Tat proteins significantly decreased claudin-5 expression, but larger decrease in claudin-5 levels was observed in HBMEC treated with Tat.B, compared to cells treated with Tat.AG (Fig. 5a) . Similarly, both Tat proteins decreased ZO-1 expression, but larger decrease in ZO-1 was observed in HBMEC treated with Tat.B, compared to cells treated with Tat.AG (Fig. 5b) . Cells treated with heatinactivated Tat.B or heat-inactivated Tat.AG showed no decrease in claudin-5 (Fig. 5a ) or ZO-1 (Fig. 5b) expression. Additional functional assays demonstrated that both HIV-1 Tat proteins increased the adhesion (Fig. 5c) and migration ( Fig. 5d ) of monocytes through in vitro BBB models, with significantly larger increase in adhesion and migration when HBMEC were exposed to Tat.B. Exposure of HBMEC to Tat.B (100 or 1000 ng/ml) increased monocytes adhesion by 2.6-to 3.8-fold (Fig. 5c) , and increased monocyte BBB transmigration by 32-to 36-fold (Fig. 5d ), compared to untreated controls or cells exposed to similar concentrations of heat-inactivated proteins. Exposure of HBMEC to Tat.AG (100 or 1000 ng/ ml) increased monocytes adhesion by 2-to 2.4-fold (Fig. 5c) , and increased monocyte BBB transmigration by 5.6-to 10.8-fold (Fig. 5d ), compared to untreated controls or cells exposed to similar concentrations of heatinactivated proteins. No increase in monocyte adhesion or migration was observed in HBMEC exposed to heatinactivated Tat proteins (Fig. 5c, d ).
Discussion
HIV-1 Tat proteins are released by infected cells, can be detected in the serum and CNS of infected patients [6] [7] [8] , and are involved in HAND. Tat can induce injury to many cells, including neurons [21] [22] [23] , astrocytes [23, 24] , monocytes, and brain endothelial cells [3, 25] . Most of the studies investigating these Tat-mediated effects were performed using Tat from HIV-1 subtype B [3, [6] [7] [8] [21] [22] [23] [24] [25] , with few other studies using subtype-C Tat [26, 27] . Over two thirds of individuals currently living with HIV/AIDS reside in sub-Saharan Africa and are infected with non-B HIV subtypes, including HIV-1 CRF02_AG, the predominant subtype circulating in West and Central Africa [14, 15, 28] . In the present study, we show that viral genotype can influence Tat-induced BBB inflammation; we demonstrate significantly higher IL-6 transcription, expression, and secretion in HBMEC exposed to Tat.B, compared to Tat.AG.
IL-6 plays a major role in inflammation and anti-IL-6 monoclonal antibodies or antibodies to IL-6 receptors are clinically used for the treatment of inflammatory diseases such as rheumatoid arthritis [29] [30] [31] . IL-6 is synthesized following infection or tissue injury and triggers acutephase responses and subsequent immune responses [29] . In normal conditions, the production of IL-6 and IL-6-induced immune reactions stop once the infection or injury-inducing agent is cleared. However, a dysregulated immune response often leads to continuous IL-6 synthesis and chronic inflammation. Therefore, dysregulation and continued IL-6 production play a major role in the pathogenesis of several diseases associated with chronic inflammation, including HIV/AIDS. Human studies showed that increased IL-6 expression in HIV-infected subjects positively correlate with viral RNA and is associated with worse clinical outcomes [32] . In fact, increased IL-6 levels in the serum or plasma of HIV-infected humans at seroconversion independently predicts faster progression to AIDS [33, 34] . Increased IL-6 levels before antiretroviral therapy (ART) initiation is associated with faster disease progression [35] and predicts early mortality [36] [37] [38] . In chronic HIV infection, increased IL-6 levels predict the development of opportunistic infections and Fig. 4 Effects of Tat.B and Tat.AG on the BBB integrity. Confluent HBMEC were exposed to Tat.B or Tat.AG (100 or 1000 ng/ml) and TEER measured in real-time for up to 120 h (a) as described in the BMaterials and Methods^section. No major change in TEER was observed at 5 h post-Tat exposure, compared to TEER values before Tat treatment (b). TEER gradually decreased thereafter, with larger decrease observed at 24 (c), 48 (d) , and 72 h (e). Tat.B induced larger decrease in TEER than Tat.AG. At 24 h (c), 100 ng/ml Tat.B decrease TEER by 54.4% whereas 100 ng/ml Tat.AG did not affect TEER; 1000 ng/ml Tat.B decrease TEER by 59% compared to 32% with 1000 ng/ml Tat.G. At 48 h (d), 100 ng/ml Tat.B decreased the TEER by 59.5 compared to 41% with 100 ng/ml Tat.AG; 1000 ng/ml Tat.B decreased the TEER by 63.5 compared to 53% with 1000 ng/ml Tat.AG. Further decreases in TEER were observed at 72 h (e). ***P < 0.001, compared to untreated controls or cells treated with heat-inactivated proteins. Data shown are representative of two to three independent experiments. Saponin (0.1%) was used as a positive control for lowering TEER mortality [39] and are associated with increased risks of cardiovascular disease [40, 41] . ART use diminished IL-6 levels in vivo and discontinuation of ART is associated with significant rebound in IL-6 levels [39] . Even for subjects on ART, persistent increase in serum IL-6 levels is a strong predictor of mortality [42] .
Studies using primary HBMEC also showed that HIV-1 [18] and viral gp120 proteins [19] induced IL-6 expression and dysfunction of the vascular endothelium, and brain microvessels from HIV-infected humans showed increased IL-6 transcription [18] . Our current study show that although both Tat.B and Tat.AG increased the transcription and expression of IL-6 in HBMEC, IL-6 levels in Tat.B-treated cells were three times higher than the levels in Tat.AG-treated cells. This suggests that viral genotype influence HIV-induced BBB inflammation. These findings are in agreement with our previous studies showing significantly increased levels of chemokines, matrix metalloproteinases, and acute-phase response factors such as complement factors-B and C3 in HBMEC exposed to Tat.B, compared to cells exposed to Tat.AG [17] . Studies in human monocytes also showed increased IL-6 expression in monocytes exposed to Tat.B, compared to monocytes exposed to Tat from HIV-1 subtype-C [43] , confirming the effects of viral genotype on Tatinduced IL-6 expression in other cell types.
The pharmacological inhibitors of IRAK1/4 and TAK1 (5ZO) blocked both Tat.B-and Tat.AG-induced IL-6 expression and secretion. 5ZO is an ATP-dependent and competitive inhibitor of TAK1 and the MAP kinases MEKK7, MKK7, MEK1, and ERK2 ( Table 1 ), suggesting that both Tat proteins use similar IRAK1/4-and TAK1-dependent pathways upstream to induce IL-6 expression in HBMEC (Fig. 6 ). It has also been shown that microRNA-146 target IRAK1 to block IL-6 transcription [30] . The ATP-competitive JNK inhibitor 420129 blocked both Tat.B-and Tat.AG-induced IL-6 expression, while the JNK inhibitor 420119 only blocked Tat.AG and had no effect on Tat.B-induced IL-6 expression. This suggests that both Tat.B-and Tat.AG-induced IL-6 expressions occur via ATP-dependent activation of JNK. This was confirmed by our Western blot data showing that both Tat.B and Tat.AG induced phosphorylation of c-Jun at Ser36, and phosphorylation of SAPK/JNK at Thr183 and Tyr185. The fact that the JNK inhibitor 420119 only blocked Tat.AG and had no effect on Tat.B-induced IL-6 expression suggests that Tat.AG-mediated JNK activation can be ATP-dependent or independent of ATP, and that Tat.B-mediated JNK activation may be strictly ATPdependent.
c-Jun is activated through phosphorylation by the JNK pathways [44, 45] , and c-Jun dimerizes with c-Fos to form AP-1 [44] . The inhibitor of c-Jun/JNK complex formation had no major effect on Tat.B-or Tat.AG-induced IL-6 expression, while the inhibitor of AP-1 transcriptional activity, as well as the inhibitor of NFκB transcriptional activation, blocked Tat.AG-mediated IL-6 expression and had no effect on Tat.B-induced IL-6 expression. This would suggest that following activation of JNK and c-Jun upstream and translocation of the c-Jun/JNK complex into the nucleus, Tat.B-induced IL-6 expression occurs principally via the JNK pathways, whereas Tat.AG-mediated IL-6 expression occurs predominantly via JNK/c-Jun crosstalk with NFκB and the alternative NFκB pathway (Fig. 6) .
The IL-6 gene has functional cis-regulatory elements that contain binding sites for NFκB, CEBP, and AP-1 [29, 46] , and it has been shown that other viral proteins such as the human T-lymphotropic virus-1 Tax, the HIV-1 Tat, and the human hepatitis-B X proteins increased IL-6 transcription by enhancing NFκB and CEBP-B DNA-binding activity [30, 47, 48] . It has also been shown that HIV-1 gp120-, Vpr-, and Tat.B-induced IL-6 expression in astrocytes and astrocytic cell lines are regulated by NFκB, AP-1, and CEBP-delta [49] [50] [51] . Our study confirmed these previous findings and showed that different mechanisms regulate Tat.B-and Tat.AG-induced IL-6 expression on the brain endothelium. This suggests that viral genotype may influence Tat-induced endothelial inflammation, BBB injury, and HAND.
The main feature of the brain endothelium is the presence of tight junctions between endothelial cells that restrict BBB permeability [3, 52] . In HIV and SIV encephalitis, there is evidence that BBB dysfunction is associated with disruption of tight junctions and increased trafficking of HIV-infected mononuclear phagocytes into the CNS [53, 54] . We now provide new insights into the role of viral genotype into this seemingly complex process. We show that both Tat.B and Tat.AG decreased the TEER and endothelial tight junction proteins claudin-5 and ZO-1, but larger decreases in TEER and tight junction proteins were seen with Tat.B, compared to Tat.AG. Additional functional studies further showed significantly more increase in adhesion and migration of monocytes through in vitro BBB models when HBMEC were exposed to Tat.B, compared to Tat.AG. BBB dysfunction is common among HIV-infected patients and plays an important role in the pathogenesis of HAND; it enables viral particles, viral factors, and infected mononuclear phagocytes to infiltrate the CNS where they spread infection to resident macrophages and glial cells, cause neuronal injury and HAND [3, 52] . Our current study shows that viral genotype influence this process, and the mechanism and magnitude of Tat-induced BBB inflammation and injury can differ based on viral subtype. The gray color and gray rectangular box indicate compound that had no effect on Tat.-or Tat.AG-mediated effects. Red arrows: downward arrow indicates a decrease; upward arrow indicates an increase Fig. 7 Exposure of primary HBMEC to Tat proteins (1, 10, 100, or 1000 ng/ml) increased IL-6 levels. At similar doses, higher IL-6 expression was observed in Tat.B-treated cells, compared to cells exposed to Tat.AG. *P < 0.05; ***P < 0.001, compared to cells treated with heatinactivated proteins and untreated controls. For all experiments, each experimental condition was performed in triplicate
